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ABSTRACT

A

A compilation of abstracts on the effects of high energy
radiation on the infrared and other optical properties

of germanium, silicon, sillca, glass and quartz. Pertinent
periperal matter 1s included.

SOURCES CHECKED

In addition to using the facilities of the Technical
Information Center, Lockheed Missiles & Space Division
and ASTIA (Armed Services Technical Information Agency),
the following index were checked.
INSTITUTE OF METALS. JOURNAL
NUCLEAR SCIENCE ABSTRACTS
RADIATION EFFECTS INFORMATION CENTER. ACCESSION LIST
GCTIENCE ABRSTRACTS, GSECTION A; PHYSICS
SEMICONDUCTOR ELECTRONICS
CEMICONDUCTORS AND FPHOSPHORS

LOLID STATE ARSTRACTS
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INTRODUCTION

The infrared transmission of optical materials has been
the subject of very few investigations. Ordinarily the
absorption spectra is of most interest because it reveals
energy levels of defects and bonding typves of solid
materials, The following compilation of abstracts is an
attempt to gather in one report most of the references

on the effects of high energy radiation on the infrared
optical properties of speciflc materials. The materials
are silicon, germanium, silice, glass and quartz. The
effort was concentrated on finding changes in transmission
properties but many periperal subjects are included. The
period covered 1is from 1950 to the present date.

The abstracts are arranged by author under each specific
material. A corporate author index 1is offered as a help

in following a set of progress reports for a single
company .

111
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GERMANIUM

1. Huldt, L. and Staflin, T.
Optical constarts cf evaporated films of
zinc sulphide and germanium in the infra-
red. OPTICA ACTA v. 6, p. 27-36, Jan 1959.

Measurements of the optical constants of vacuum-evaporated films of zine
sulphide and germanium some microns thick by three different methods in the
region 2000 - 10,000 cm™t (5 - 1p) are reported. The refractive indices of
both substances proved to ve definitely higher than for the corresponding

bulk material. When the films were evaporated with pure nltrogen ss residual
gas instead of air, the refractive index decreased considerably and reached,
for Zn8, approximately the bulk value, whereas for Ge it still remained
somewhat higher, The variations in the modes of determination seem to exclude
the observed anomalies being due to the complexity of the film structure.

2. Meyer, H. J. G.
Theory of infrared absorption by conduction
electrons in germanium., JOURNAL OF THE PHYSICS
AND CHEMISTRY OF SOLIDS v. 8, p. 264-269, Jan 1959.

It is shown that a theory of infrared absorption by conductlion electrons which
takes into account the structure cf the conduction band nnd acoustical as well
a5 optical intravalley scallering can be developed without any serious
approximation. In combination with an estimate of the possible influence of
impurity scattering, the theoretical results can be used for the determination
of nne of the acoustical and of the optical deformation potential constants.
From available experimental data the approximate numerical value of the latter
is determined. The general limits of validity c¢f the theory sre discussed.

.

3 Nazarewicz, B. W.
INDIRECT ABSORPTION EDGE IN GERMANIUM BOMBARDED

BY FAST NEUIRONS. Polish Academy of Sciences,
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Instliupe of Nuglear Repearch,

NP'8661 £} 1959 .
Thls paper reports the results of absorption measurements for germsnium
single crystals with various concentratlons of structural defects introduced
by fast neutron bombardment. It wes found that the edge is of the form
expected for indirect transitions accompanied by phonon interaction.
An analysis of sbsorption data on the basis of the Macfarlane - Roberts
formula yield values for the indirect energy gap and the temperature of the
phonon involved.

Various concentrations of defects were obtained by partially annealing at
various elevated temperatures.
L, Philipp, H. R. and Taft, E. A,

Optical constants of germanium in the region

1 to 10 EV. PHYS. REV, v. 113, p. 1002-1005,

15 Feb 1959.

The reflectance, lr( A) '2, of single-crystal germanium has been measured

in the range 0.6 to 1l.3ev and the phase, §( A ), has been computed from these

data using the Kramers - Kronig relation between the real and imsginary parts
of the complex function In r = In [r' + i8. The optical constants, n and k,
have then been determined from the Fresnel reflectivity equation. The real
part of the refractive index, n, has maxima of 5.5 at 2.07 ev and 4.2 at

3.2 ev. Above 6 ev, the index is very nearly 1. The extinction coefficient,

k, shows maxima of 2.0 at 2.5 ev and 4.2 at 4.4 ev. Below 3.5 ev, the results

are in good agreement with measurements of Archer (see 2017). Beyond this
point, they depart from his extrapolated curve.
5. Purdue Research Foundation
SEMICONDUCTOR RESEARCH, QR no. 1, 1 July-
30 Sep 54. (Contract DA-36-039-s¢ 63222).
ASTIA AD-54 91L.,
Optical Absorption in N-type Germanium:
This study was made Iin the wavelength from 5-30 microns. The samples of

differgnt carrlier concentrations were at three temperatures: U4509K, 294°K
end T8%K.
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& compartscn of the ro@m temperatre and Yiquld nltrogen temperature
shsorption curves for = glven semple show that the absorption coeffielent ap
78%K is even higher than at 204%K for sufflclently smald wave numberss

At LS0PK 4f the scattering is predominstely lattice scajtering then theory
predlcts that "e" is proportionel to ™" and the absorption should have &

slope of -2.3. The eorresponden@e between theory and experiment indlcates
an effective electron gmes m*=,13m where m is the free electron mass.

6 Stoeckmann, F., et al,
Photoconduetivity of electron bombarded Ge
(Abstract of meeting)., PHYSICAL REVIEW
ve 98, n. 55 pe 1535, 1 June 1955.

The photoconductivity of netype Ce illuminated with light in the fundamental
absorption pregion, increases during bombardment with fast electrons (6 Mev)

at 90 K. The increase is fast at the start of irradiation, slower after
prolonged bombardment amounting to two orders of magnitude. The time constants
of the rise and decay curves are asbout one second. The photoconductivity
decreases as the sample is converted to petype. These observations show the
production of hole traps by the bombardmerrt.

T Ukhanov, Y. I.
An Investigation of infrared absorption
by minority carriers in germanium. SOVIET
PHYS, = SOLID STATE v. 1, p. 326329, Mar 1959.

An investigatlon of the absorption spectra due to hole injection in germanium
over ghe wavelength region from 2 to 13p at room temperature and at T = 105%%
is reporteds Two weak maxima at 3.4 were observed at room temperature., At
wavelengthe above 5.5 the absorption increased sharply, remaining constant
over the region 9 to 13u. At T=105°, instead of two maxima at 3.4 R and LeTn,
a narrovw absorption band was observed at Up with absorption comparable to that
obeerved st room temperature. On elther stde of the maximum the absorption
decreased “o vanishingly small values. In the region from 6p the absorption
incressed smoothly, reaching a maximum at 12p approximately equal to the room
tempergjure values, There is good agreement between the absorption spectra
due to Injection carriers in n-type germanium and the ebsorption spectirs due
to euilibrium carriers in p-type germanium.

LOCKHEED AIRCRAFT CORPORATION MISSILES =nd SPACE DIVISION
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SYLICON

Becker, M.y Fan, H. Y. and Lark-Horevitz, K.
Infrared asbsorption of nucleon bombarded
silicon I (Abstract of Meeting) BULLETIN
OF THE AMERICAN PHYSICAL SOCIETY v. 26,

ne 6, pe k3, 24 Oct 1951.

Recent investigations show that the absorption in siliecon, beyend l.1 mieron,
rlses again toward longer wave lepgths and 1s smeller the higher the resistivity.

9.

Degscriptorse

Cole, Re L. and Mitchell, G. A.

DEVELOPMENT OF SILICON INFRARED OPTICAL
COMPONENTS, Texas Instruments, Inc., Dallas,
Quarterly progress rept. no. 4, 1 Sep-l Dec 59.

(Contract AF 33(600)380085), ASTIA AD-234 420,

Infrared optlical mdterials*; Silicon*; Casting?! Infrared domes*}

Infrared windows; Radiation effects; Molding materials; Neutron bombardment;
Sillcon compounds*; Monoxides; Nitrides.

Ll
"

This Document includes;

Romanko, J.

EFFECTS OF REACTOR RADIATION ON THE OPTICAL
PROPERTIES QF SILICON AND SILICON MONOXIDE,
Convair, Fort Worth, Texs. Repte noes FZKe118,

(Contract AF 33(600)38085),

A easting process has been developed to produce sllieon domes and plates up
to 4 in, in diameter. The same process will be used to cast 12 in, -dianm
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»

domes and plates. Work eontinues on the developmenrt of structurally sound,
puze silicon nitride molds. Thesg molds would be used in conjunction with
the medt or pour casting method of ¢btaining eilleon ingotse Deslgn and
fabricetion neers completlon on the hot forming machine which will be used
to thermally deform plates of s!licén. An epoxide e@asting yesin still
appedrs to be the most sultable adheglve for jolning or bonding siliccn to
1teelf. After trradlation, Joined sllicem samplas were found to ingrease in
bond stremgth gome 30 to 40%. Repts no. FPK-118; Specifls matters of
interest in this effort, which emphasizes the 2-t0 6ep reglom,-include: (1)
a study of the literature on the effgete of nuclear radtation on 8ilicon
optles: (2) the high-temperature characteristigs of very high-resistivity
sillcon, such as night bae obtained By neutron bombardmeat; (3) the expected
reddation ‘enviropment to whigh such equapment cguld be subjected and expected
to funetions end (4) the wse of meutron bombardment to raise economically
the eleetrieal resistivity of lovw-grade silicom to & devel suitable for
optigal use.

0, Cole, Rs L.
DEVELOPMENT OF SILICON INFRARED OPTICAL
COMPONENTS, Texas Instruments, Incs, Dallas.
Quarterly progress rept. nos. 6, 1 Mar-1 June 60, 38p.
(Contract AF 33(€00)38085). ASTIA AD-240O 268.

Descriptorsg Infrared optical materials*; Sillicon*; Infrared domes*; Casting?
Infrared windows; Radiation effects; Molding materials; Silicon compounds¥;
Monoxides; Nitrides; Vapor plating; Hydraulic presses.

& casting vrogess has been develeped whigh will consistently produge 12 inch
diameter % /8 inch thigk cast silicon plates, and 8 % inch outslde diameter
X % inch thick cast silicen domess A large hydraulic press and furnace
combination hes been completed. This machine was desigred specifically to
thesmelly deform cast @llicon plates into spherical segments. The segments
are then bonded into 7 3 inch outside diameter x + inch thick mosaic stlicon
domes. In order to supply silleon plates and segments for the large mosalc
domes and plates, the cast plates were all produced on & small casting
machine previously built and normally used for produding four-inch diameter
domess The silicon mosaic strugtures will receive a final progess which
Involves grinding, pollshing and coating. Two four-ineh diameter silicon
vapoy deposited domes have been produced, but have slightly low transmission.
They are meghanieally strong with no visidle voids or inclusions. In
addltlion, en appreciable redvetion in adsorption at nine microns wes reallzed.
Strength tests performed on pressed silicon samples show virtually no change
In the moduli of rupture and elasticity over values obtalned with east or
grown silicon samples.

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION
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a1 Cole, R. L., Mitchell, G. and Hicks, J. 1
DEVELOPMENT COF SILICON INFRARED OPTICAL k
COMPONENTS (TRANSMITTING WINDOWS) Texas
Instruments, Inc., Dallas. Mnal techaical
engineering rept. AMC TR 60-7-719. 1 Nov
58-25 Aug 60. Dec 60, 21lp. (Contract
AF 33(600)38085, Prole 7719). ASTTA
AD-250 513, ) ‘é

Descriptors: *Infrared windows, *Infrared optical materials, *Silicen,

Casting, Mechanical properties, Production, Radlation effeats, *Semlconductewrs, !
Impurities, Siltcon compounds, Monoxides. ‘

This rept. Includes:
Romanko, J.
EFFECTS OF REACTOR RADIATION ON THE QPTICAL
PROPERTIES OF SILICON AND SILICON MONOXIDE,
Convair, Fort Worth Tex. Dee 60, 21p.

(Appendix A to AMC TR 60eT«719).

Hi11l, O. H.
EXPERIMENTAL STUDIES OF THE EFFECTS OF REACTOR
RADIATION ON THE UP GRADING OF IMPURE 8ILICON.
Convalr, Fort VWorth, Tex. Dec 60, 26p.
(Appendix B to AMC TR €0-7-719).
Sillcon plates wp t0 12 inchegs 1n diameter by L 4nch thick and sildicon
hemlspherical domes up to 8-% inehes in dlameter by i inch thiek can be
economically casgt or segmented for use as 1lnfrared transmitting windows,

The optical transmission of muelear reactor irradiated silicon showed some
improvament for limited wavelengtns.

LOCKHEED AIRGRAFT CORPORAZION MISSILES and SPACE DIVISION §
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23 Corbett, J. W.
DEFECTS IN IKRADIATED QILIGON IJ. INFRARED
ABSORPTION OF THE S1-A CENTER. General
Electric Research laboratory, Schenecteady,
New York. 60Q-F-(2559 M) Cat 63, 27ps
Also In THF PHYSICAL REVIEW ve 121, n. &,
p. 1015+1022, 15 Peb 1961,

The S1=A center is a maJor, radlation-dammge defect produced im ®pulled”
silicon by room temperature irradiation. In thls repore (II), ve present
the infraped measurements which, In conjunction with the spin resonange
meagurements of the preceding report (1), establish the ldentlty of the 84=A
center. A pev infrared absorption band is observed at 12 p in electrone
irradiated silicon. This band 1s shown to be a vibrationcl band of impurity

" oxygen in the lattice. Maeroseopic and migrosgepie correlations between the
12 pt band and the spin resonance of the SieA center are presented., The
macrosgople correlations are of production rate, recovery ets. The mieroscopis
gorrelationsderise from the absorption of polarized infrared radlation by
samples of various crystallegraphic orlepntationg, subjected to & uniaxtal,
compressive stress, Partial slignment of the defects is induged by the stress
and 1s detected as a dichroism in the 12 pu band. This alignment s compared
to the corresponding alignment studies {n the spin resonance pessurements in
report I. It {s shown that the kineties and magnitude of the response to
the stress are the same for the defects observed in both types of measurements,
This shows that the 12 u band arises [rom the §leA center and eftablished the
configuration of the oxygen in the defect, These rgsults, together with the
results of report I, allow us to gonelude that the Si=A eenter is a lattice
vagancy with an exygen atom bridging two of the four broken bonds associated
with the vacancy. The remaining two bonds can trap an clegtron giving rise
to the gpin resonanee gpeetrum of the defect. The identiflication of the
Si-A center indicates that the vacancy 1s mobile in a roometempersture
irpadiation,

3. Corbett, J. W., Watklns, G. D. and Chrenks, R. M.
Infrared studies of clegtron irradiated
silicon I. BULL. AM, PHYS. 90C. v. 5, Ser. TI,
p. 75-26 (A), 27 Jan 1960,

The IE absorption spectrum {1.4-14y) of #11%con ipradiated at room temperature
with 1.5 mev electrons was discussed. A sharp band at 12 M with an intensity

7 .
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roughly proportienal to the copcentmatign of dissolved oxygen originally in

¢the sidtean has been observed. The production prate of this band vss {rradiation

correlates with that of the defeet previously studied in spin resonange

(A senter) and in electrical measurements (met acceptor at E,=0.17 ev), which
has bsen shown 1o be strongly dependent upon @xygen contents The annealing
behavior or the 12 u band 1s similar to that of the other measursments, again
suggesting bi\gt they arise from the same defect. JIn a sample enriched with
14 pergent 0'%, & small subsidiary peak is observed which ldentifies the 12 n
absorptien as arlecing from the vibration of a single oxygen atom. These

data lend support to the molel propesed from spin resonance etudies that the
A center, which is the dominant defect prodused by irradiation in pulled
sllicon, Involves an Oxygen atow trapped in a lattice vacangy.

b, Fany, He Y.,
Infrared ahsorption of nucleon bonbspded
sllicon II (Abstract of meeting), BULLETIN

OF THE AMERIGAN PHYSICAL SOCIETY v. 26,
e 6, Pe 3)-1-, 2h Qet 1951-

The reduetion of long wavelengths absorption to very small values is aonvineing

evidence for ascribing the long wavelength absorption of free carriers.

15. Fan, H. Y.
SEMICONDUCTOR RESEARCH FOURTEENTH QUARTERLY
REPORT. Purdue University, Purdue Research
Foundation, lLafoyette, Indianas, PRF-1258,
Progress Report, lith Quarterly Report.
1 Nov 59-3L1 Jan 60. ASTTA AD-235 332,
Several additional lattice absorption dands were observed in electron or

neutron bombarded sflicon between 9=1h microms. A summary is glven of the
fnvestigation of electron spin resonance in neutron irradfation gilicon.
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16. Fea, H. Yo and Ramdas, A. Ke
Infrared absorption in neutron-iriadiated
siligon. J. PHYS. CHEM, SQLIDS v. 8,
p. 272-274, Jan 4959.

Irradiation by high energy neutrona and elegtron® produces in silicon dnfrared
absorption bands associated with the ilntroduged lattice defects. GSevergl

bands have been observed. The possibility of obeerving a partlcular sbsorption
band depends on the Fermi leveld in the irradiasted sample whigh determines the
state of ionlzation of the defeets. The absorption was studied after anneallng
the sample at different temperatures. It wug found that the varigus absorption
bands are associated with different types of defeat centers. One of the bands,
at 20.5 microns, increased or decreased with temperature annealing depending

on the Fermi level. The observation is understandable on the assumption that
the anneal of the type of absorption Genter depends upon the state of fonlzation
of the defects. .

17, Hill, O. He, Gole, Re Le¢ and Mltchell, Ge A.
DEVELQPMENT OF SILICON INFRARED OPTICAL
* COMPONENTS, Texas Instruments, Inc,, Dallas,
Quarterly prograss repts nos 5, 1 Dee 50
1 Mar 60, 83p. (Contract AF 33(600)38085).
ASTIA AD-237 392, ‘

Descriptorst! Infrsred optical materials*$ Silieon*; Infrared domes*; Qasting;
Infrared windows: Fediation effects) Molding materiazls; Silicon compounds¥;
Monoxidea$ Nitrides.

A casting process was developed to produce silleen domes and plates up to

6 in. in dismeters Thia eame process will be used to cast 85-in. -diam
silicon Aomes and up to 12ein. dlam siiiccn plates. The fabricatidon of the
hot forming machine nears completion. This machine wlll be used td press

% 3/b-1n. -diam by T/16-in. -thick cast stlleon plates fnto spherical
segments which will ue uged to form 7-%-1n. - dlem mosaic silicon domes.
Cast silicon plates, % 3/k-in. in dlam by various thieknesses, will be used
to form the required 12-in. -diam moselc platess The affect of irradiation
on silicon monoxide goatings and tHhs effect of irradiation on the absorption
coefficient of low registivity 21licen was investlgated. Irradiation of
8illcon monoxide aoatlngs showed 11ttlg dlfference before and after irradiation.
Howgver, the effect of frradistion on the sbsorption scefficient of low

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION
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resistivity silico@ vas prenounceds Low resistivity netype and p-type silieon
showed a transférmation after imradistlon that markedly reduces their
absorpbion coefficients The reductlon was non-linear with a smaell reduction
at 2 to & layge reduction at h-} to Ou.

18, iongd, Lo As
NUCLEON IRRADTATION OF SILYICON SEMICONDUGTCRS.
A thesis Submitted to the Fagulty of Purdue
University., Aug 1957.

List of Tables
st of Illustrations
Abstrast
Introduetlon
Geneyal Conmsiderations and Hlstory
Band Thgory
The Experimental Probvlen
Calculations and Methods of Analysis
Determination of Carrier Concentrationg fxom Hall
Coefriclient and Resistivity
Nondegenerate Semfaeonductors
Degenerate Semleonductors
Calculation of Lattice Displacements
Location of Defect Levels by the Dependence of Radlation
Effects on Fermli Level
Disaussion of Experimental Teohniques
Neutron Irradiated Samples
Sample Preparation
Electrigal Mesmsurements
Optieal Measuremenis
Deuteron Irradiated Samples
Sample Preparation
Irradlation Chamber
Eleatrieal and Optical Meseurements
Experimental Results tnd Concdusions
Eleetrieal and Optie@al Properties of Neutron Irradiated
€ilicon
The Effeets Iniroduged by Irradiation
A $tudy of the Effect of Amne=ling on an Irradlsted Sample.
Deuteron Irzadiations of Single Crystel 8illcon
Gengra. Obsexvations
Depgndense of Removal Rate on Fermi level
Noa~Equilibrium Effects After Irraddetion
Bombardment Defect Impurity Comduetion

&0
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Changes in MeLiltuy of Charge Carrier® Produggd By Deutercn Trradtation @f
Sillcon
Summary
Bibliggraphy
Vita

19. oagoy Te A, and Kleitman, D.
Neutren irrediated sillcon (abstract @f
meetings) PHYSICAL REVIEW v. 100, n. 4,
p. 1260-1261, 18 Now 1988,

After fast neutron irradiation at 46 ¢ the temperature dependence of Hall
coefficient and resistivity of both netype and p-type single crystal siligon
samples indicated that intrinsic behavior was approsghed in each sampls.

A 1,75 p peek in the optical absorption eocefficient was observed. Appreclable
photeconductivity was observed beyond the fundamentsl region to about 1.5 p
after which there is a sharp drop with a shoulder in the region betvween 2

and 3 u. Annealing experiments were contlnued.

20. ) Purdue University. Physica Dept.

SEMICONDUCTOR RESEARCH. Second Quarterly

Report. 1 Oct-l Dec SL. (DA 36-939-5c63222). .
Effects of Annealing in Neutron Irradiated Silicon.
Infrared optical absorption measurements were made on p-type neutron bombarded
sample of Siligon II after gertain amounts of annealing. After annealing the
1.8p atsorption peak decreases and appears to acquire a long wavelength tail,
both at room temperature and at L. M.
21, Purdue Research Foundatlon.

SEMIGONDUCTOR RESEARCH. QR no. 12, 1 Maye

31 July 59. (DA 36-039-sc¢ 71131)s ASTIA

AD-230 803,

Infrered absorptlion in irrediated siliccuy by A. K. Ramdss and Ho Y. Fane

11 *

.
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22, ¢ Vavilov, Vs &.
Msopption of infrared radfatlon by free
cherge carriers in silicon. FIZ, TVERDOGO
TELA v. &, n. 2, p. 374-7, Peb 1960.
(In Russtan)

Reports an investigation (&t £95°K) of the absorpbtion of 1-1l B radiation in
siliaon mi;?ocrystals of p= and netype with free carrier densitige from 10t
to 5 x 101/ cm~3 and in silicon previgusly irrediated with fast neatrons
(carrier denstty 10+ cn®3). Comparisom with Fam's_theory (Avstr. 871 of
1956) gave & mean eff‘ectiv? hole maes of 346 x 10"2%g, It was fouad that
Fen's relationship & ~A /2 ( £ 19 the absoxrption goeffictent and A is the
wavelength of infrared radfation) wes not satisfied in netype erystals and in
highly transparent p-type orystalse

23 Vavilov, V. 8., Plotaikov, A. P. and Zekhvetin, G. V.
Infraered gbsorption of high-resistivity
sillcon wlth radiationeinduced defectse FIZIKA
TVERDOGO TELA v. 1, &. 6, pe 976978, 1959.
(In Russlen), SOVIET PHYSIGS-SOLID STATE
Ve 1’ Lie 6; Pe 89""895) 1959,
The absarption coeff., &, in the A rangs 1-10p, were determined for p-type
81 before and after irradlation with fast (~L MeV) neutréns, the eleet,
resistivity of the defect-free end lrradiasted specimens belng 65 and 2 x 10°
dleem, resp. In the 2+2«T-y range, @ Of the irradiated specimens at room
temp, was« Os1/em. In addn. te the absorption zone (with a max. at 1+8 »n at

room temp. and at 1¢7 j at EOC‘K) due to latplice vibretions, snother sbsorption
zone (with 8 max. &% 9 p), associated with the presence of O, was observeds

2k, Vatkins, G Dsy Cordett, J. W. and MeDonald, R. 8.
Infrared studdes of eleatron irradiated silicon
II. BULL, AM, PkYB, S0C. v. S, Ser. II,
p. 26(A), 27 Jan 1960.

The annealing of the 12; band produced in silicon by room temperature
irradiation with 1.5 mev electrons (see 6050) was discussed. The first stage

12
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{(~300°C) consists Of the disappearance of the 12u bahd and the emexgense of
& nev band st 11.3p of approximately the seme intensity. It is primerily 4n
this stage that the spin resonanece center anmegls and ele@trical properties
recover. It 18 elear, however, that the sample has not ‘been returped ®o 2ts
inttial state. During subsequent higher temperature annealing {~ 500°C), the
11..3p band disappears &nd a succeseiop of bands between 11.3 and 9p band
emgrge and disappear. Dusing the second stage the 9u band assocleted with
oxygen in its original state is ulso observed to @diminish. A model of these
anngaling etages whiah is also consistent with the identifieatién of the

lEy band as arising from an oxygen trapped in a lattice vactncy wa@ presented.

@5 Watkins, G, D. and Gorbett, J. W.
DEFECTS IN IRRADIATED SILICON I. ELECTRON
SPIN RESONANCE OF THE SieA CENTER. Genegal
ledtric Researeh Labowatory, Electron Physics
Reseapch; Metellurgy and Ceramics Research,
Sehenectady, Wew York. Eeport no. 60-RL-
(2558E), Oet 60, 48p. Also In PHYSICAL
REVIEW v. 121, n. 4, p. 1001-1014, 15 Peb 1961.

The Bi-A center is a major, radiation-damage defect produced in "pulled"
silicon by & room tempepature irradiation. As & result of studies deseribed
tn this geport {I), and the following one {II), it is eoncluded that this
center is & lattice vacancy with an okygen atom impurity bridging two of the
four broken bonds associatad with the wagancy. Spin resonance and electricsl
activity arlse from an elegtrom trapped in the other two bonds. In this
report (1), the spln resontuce gtudies are described. A moleculsr orbital
treatment of the trapped electron wave-function satisfactorily accounts for
the observed getensor, as well as the hyperfine interaction observed with
nelghboring 4.7 per cent abundant Si 9 nuclei. Study of the chenges in the
spectrum of a sample SubJjected to uniaxial stress are also described. Under
stress, the amplitudes of the individual resonan@e components (which correspond
to different orientations of the defect im the crystal) are observed to change.
This results from (1) electronic redistribution of the trapped electrons

among the defects, and thermally activated reorlentation of the defects
themselves under the applicd stress. These two effects are separated and a
quantitative study of their magnitudes and signs, as well as their rates, is

glvene The resuvlts confirm many of the important microscoplc features of the
model.

o13
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GERMANTUM AND SILICON

26. Arizona State University, Tempe, Arizona
RADIATION EFFECTS IN SOLIDS = AN INVESTIGATION
OF THE ELECTRICAL AND OPTICAL PROPERTIES OF
SEMICONDUCTORS AND INSULATORS WHICH HAVE BEEN
IRRADIATED BY FAST NEUTRONS. Final Report AT
(11=1)715. Oct 60.
This study indicates that Ti0, can receive a rather large exposure to fast
bembardment with llttle effec% on eleetrical conductiviﬂ. The results of
tbis work indlcate that an exposure of avprogimetely 10=! fast neutrons/cm3
are necessapry to produce & potieesble g¢ffect in the resistivity of the
reduced samples. .
2T Boltax, A,
Behatlor cf gemiconductor and magnedic
materials in gadiation environment. ELEGTRICAL
MANUFACTURINGs Mar 1959, p. 90-95.
Theoretiaml and experimental behavior of several semiconductor and megnetic
materisls under 4rradiation., Charts and grophs are presented to illustrate
regults obtained under specific gonditions. Techniques for minimizing
radiation effeets are alsQ presented.
8. Crawford, J. H., Jr.
Internagdional union of pure and applied
solld state pAysics dn electronlcs and

telecommanigations. PROCEEDINGS OF THE

CONFERENCE, BRUISELS, 2-7 June 1958,

1
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. ACADEMIC FRESS v. 4: Magmeti@ aad
optical propertles, pt. 2, . T97-807,
' 1960,

The Influence of radiationeinduced defeets on the behaviour of diemond-
structyured semicenductors and 4devices

29. Fap, He Yo, ot al

SEMICQNDUCNR. RESEARCH. Furdua Reaeareh
Foundation, lafayette, In@s Quarterly
repb. no. 15« Rept. no. FRP 1258, L Febe
30 Apr 60, L3p. (Contract DA 36-039-gc-
71131). ASTTA AD-239 759

ELECTRICAL. AND QPTICAL PROPERTIES: Investigation of laytlee scattering
mechanisms in p-type germanium from hot earrier studies. The dependence of
mobility of hot garrfers on carrier contenirgtion and crystal orleatatien,
Elegtrie fleld induced het carrier modulstion of 4nfrared padiation, Effest
of lithlum diffusion on Llmpurlty copductlon in silicon, Microwave eonducsivity
of semiconduetors, and Analysis of resistivity in single crystal teliuriwm,
IRRADIATION EFFECTS: Oxygen dependent absorption bands on drredfated siliaen,
Spin resonange 4n neutron irradiated silicon, and Paramagentic resonance
investigation in irradlated silieon., IOW TEMPERATURE STUDIES: Adisbatie
demagneblzation cryestad for lew temperajure resisiivity measupements,
Magnetic suseeptibvility, and Transport propertles of germanium at Jow
temperatures. GENERAL: Choice cof gamge In pertugrbatlon theary, Perfection
of siligon crystaéls, Silicon single crystals, and Dislocation free germanium

crystals.

304 Fan, H. Y. and lark Horovitz, K.
IRRADIATION QF SEMIGONDUCTORS. Purdue
Univergity Department of Physics.
27 Aug-T Sep 56+ (Contract DA 36-039-sc-

71131, AT(11-1)-125).

Germanium semigonducters of various resistivitles and cawpier goncentrations
have been irradfated with 9.6 Mev deuterons 4.5 Mev polonium &-particles and

15
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k.5 Mev electrons. The energy levelg Introduged by defects have been determined
from the removal rate of carriers as a function of the Fermi level in the
semiconductors, from the temperature dependenge of Hall coefficient and
resistivity and from the spectral response of photoconductivity. All this
informetion leads to a model of the defects, in general agreement with the
conclusion that interstitials act as donors, vacancies act as acceptors, end
that each interstitial and each vacancy can introduce several levels.

The irradiation of sili¢on wlth neutrons, as well as with eleotrones and
deuterons indicates that starting both from n- and p-type material, one

obtains, after prolonged irradiation, intrinsic material. Whereas, annealing
in irradlated germanium is readily observed at room temperature, Jlarge annealing
effects are observed in irradiated silicon only at elevated temperatures. The
Behavior of the irradiated material indicates that levels are introduced close
to the top and the bottom of the energy gap.

31. Fan, H. Y. and Lark-Horovitz, K.
IRRADIATION EFFECTS IN SEMICONDUCTORS.
Purdue University Department of Physigs.
June 57. ’

Sexlconductors are a alass of material, thre elestronie properties of which

arg most sensitive to imperfeetions of the erystal lattices This is

evidenced by the controlling effeot of small amounts of chemlcal impuprities
which are one type of lattiece imperfeotions. Irradiation by high energy
particles can produce therefore radical ghanges im the properties of a
semicondugior by coreating defects in the erystal lattlee. These defects may
introduce ngw energy levels. Thus the elestrigal gonduetivity of a semieondusthor
mey change by orders of magnitude as a result of ivrradiation, whereas in

metals the changaes are megasured in perment. Meny other properties are likewlse
sensitive to irradlatlon, meking irradiation effeets in semiconductors of
interest.

32, Jdohnson, ¥W. B. and lark-Horovitz, K.

NEUTRON IRRADIATION OF SEMI~GONDUCTORS.

Fairehild Engine end Airplgne Corporation.

Nepa Divislon Qak Ridge, Tennessee. 20 Oct 49,
High Resistance P Type Germanium Conduetance Versus Time of Irrsdistion
N Type Gegmenium Sample$ Conductanee 1 R Versws Time of Irradistiocn

Reggistanee of Low Realstivity N Type 3illicon Plate Versus Time of Temadlation
Resistance of High Resistivity P Type Silicon Plate Versus Time of Irradiation

16
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P Type Si1lcon O Versus 1/T After Weutron Bogbardmgnt

Resistance of IN4T Rectifier When The Resistance Is Determitied by Spreading
Resistance

Torward Resistance of IN38 Crystal Rectifier Versus Time of Irradiasion

Torvard & Back Resistance ¢f IN®3 Silicon Crystal Rectifier Versus Time of
Irradiation

33. Lord, R. G.
Tar {nfrared transmission ©f silicon and

germanium. PHYSICAL REVIEW v. 85, pe L4Qe1h),

Jensilar 18952,

W, Tusk, T. B.
Infrarc@etrangnigelsn netexials would bve
unaffected by radiatiop in epsces KLECTRQNIC
DESLGH ¥. 8, pa Th, 26 Ogt 1960,

Investigation of the transmission properties of 15 infrgred opticalsmaterials
e:tpoae% t6 three levels of ganma radiaticn - 0.975 % 107, 1.58 x 10%, and
1 x 10° roentgens. Regults are presented in tabular forms eseee

a5, Philipp, 'H. F. and Taft, E. A.
Optical conctente of germenium and silieon
in the regi&n 1 to 10ev. BYLLRTIN OF THE
AMERICAN PHYSICAL SOCIETY, Series II, v. 4,
p. 27(A), Jan 1959.

Measurements of the reflectance of single-ery8tal germanium and silicon in

the range 0.6 to 11.3ev were reported. The Kramers-Kronig relation was
epplied to this spectrum and the real snd imaglnary parts of ¢he gomplex index
of refraction, n and k, were deteyrmined. The rgsults for germanium sgree
with the recent measurements of Archer and extend his velues beyond 3.%5ev.
Pronounced structure is observed in bsth gexmapivm and silicon in the vicinliy
of b.5ev. The extinction coeffirient rises to a peek pear this epergy. A%
809K, the peak sharpens and shlfte toward higher energye The strength of

this absorption should be useful in testing and refining band structure
calculations. Based on the I'rohlick-Pelyer eriterion, which is applicable to
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non-wetals, no evilenge for plasga esclllations was feund. Discrete energy
Tosses have been observed a¥ higher anergy, and 1t would be ©f considerable
intereel 5 extend the vresent data to that range.

36. Purdue Research Foupdation, Lafayette, Ind.
Rept. no. PRF 1258, Mnal rept. & July 56-
30 3ep 60, 4Tp. (Contract DA 36=039-5c+73132).
ASTIA AD-251 056.

Contents? .
Hot carriex atudies

Surfage studies

Topurity conduction

Optical propertlias

Magnetlc properties

Specifie heai

Thermal gonductivity and thermeelestrie power
Irradiastion effects

Crystal growth and structure lnvestigation ‘
Thaory

37 Purdus Unlversity Department of Physies
SEMICONDUCTOR RESEARCR FIFIR QUARTERLY
REPORT 1 July 57-30 8ep 57. (Coatraot
DA 36-039-sc-T1131).
Preparation ©f Matgrials
Preparation and Analysis of Bulk Semigenducters, Roth, L.

Growing of Siliceon 8ingle Crystals. Klose, P.
Theoretical Problems

Level Demeity Functlons in Disopdered One-Dimemsional Crystals. James, He M.

Qptical Properties
The Absorption of Germantum and Tellurium at Long Wevedength. Fisher, P.
and Fan, H. Y. .
Infrared Absorption in Tellugrium. Caldwell, R. 9. and Fan H, Y.
Yow Temperature Problems
Apparatus for Measuring Specific Heat down 4 0.4% Using A Bath of "e3,
fSsidel, G. and Keeson, P, H.
Plactrieal Measurements of Silicon at Low Temperature. Ray, R. X.,
Iongo, T and Lark-Horovitz, K.
Paramtignetic Resonanee
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Paramagnetic Resonance in Iradiated Silicon, Nisenoff, M., and Fan, H. Y.
Electrical Properties.
Electrieal Properties of High Reeistivity Silicon. Wang, E. Y. and Longo,
T. A'
Surface Photoconductive Effects. Cunningham, R. W. and Bray, R.
Bombardment Experiments
Alpha-Partiele Irradiation of Ge at 4.2%K. Gobeld, G. W. and Lark-Horovitz,
K.
Changes in Mobility of Charged Carriers Produced by Deuteron Irradiation
of Silicon. Longo, T. A.

38, Purdue Research Foundstion
SEMICONDUCTOR RESEARCE. QPR no. 6, Dec 52.
(DA-039-8¢15339). ASTIA AD 3377.

The infrared spectrum exhibits a group of absorption bands which have been
present in all samples examined. In silicon which showed eimllar absorption
bends, nucleon bombardment failed to change the absorption bands in elther
magnitude or position., The absorption in Ge were taken using samples from
several different melts of high purity material. In all gases the results
were the same &s given in QPR no. 3. In samples of resistivity from 40«0e%
ohm-cm the lattice component is unaffected. )

39, Purdue University Department of Phyelcs
SEMICONDUCTOR RESEARCH SIXTH QUARTERLY
REPORT., 1 Qct 57-31 Dea 57+ (Contrast
DA 36=039=80-71131).

Preparation and Analysis of Materials
Prepavation of Germanium and Cempound Single Crystals., Roth, L.
Growing of Silicon 8ingle Crystals, Klose, P. H., and van der Aa, J. W. D.
Double Crystal X-ray Spectromgter, Yeerian, H. J.
Optical Properties :
Effect of Irradiation on Infrared Abserption in $1lleon. Ramdas, A. K.
and Fan, H. ¥,
Low Temperature Problems .
The 8pecific Heat of Zinc in The Normal end Superconduating States.
Keesom, P, H, and Seidel, G.
Magnetde Susceptiblility. Gerritsem, As We and Damon, D He
Paramagnetic Resomance In Irradiated Stlieon., Nisenoff, M. end Fan, H, Y.

Low Temperature Specifie Heat of Molybdemum Alloys., 3Bryant, C, A. and
Keesom, P. H.

19
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Transpert Properties of CGermanium at Low Temperatures. Goff, Je F, and
Pearlmen, N.

Eleatrigal Properties of Silicon at Low Temperatures Ray, R. K., Longo,
T. A. and Yark-Horovitz, K.

Annealing of Germanium Following AlphaeParticle Irradiation at L4.29K.
Qobell, G. W., Fan, H. Y. and Lark-Horovitz, K.

Surface Properties

Surface Semsitive Condugtance of High Resistivity Silicon. Wang, E. Y.
and Longo, T. A.

Hell Effect Measurement at High Electri@ Field. Brown, D. and Bray, R.

Spectral Dependence of Surface Photoconductivity in Ge. Cunningham, R. We
and Bray, R

Lo, Purdue Researgh Foundetién
SEMICONDUCTOR RESEARGH, GR no. 9, Sep 53.
(Contract DA=36<039-sc 63222)., ASTIA
ADeli3 314,

A summary of test results for this pewlod ean be found in the Summary Report
dated 1 July Si-l July Sis SUMMARY OF SEMICONDUCTOR RESEARCH.

L1, Purdue University Depawtment of Physies
SEMICONDUCTCOR RESEARCH TENTH QUARTERLY
REPORT. 1 Nov 58-31 Jan 59. (Centraat
DA 36-039-se-74131).

Thermal Capture of Electrons by Vacancies. Paranjape, B. V.

Preparation of Semiconductor Crystals. Roth, L.

Photoconductivity and Sweepout for Case of Majority Carrler Trapping. Bray, R.

Bulk Conductivity at High Electric Field. Brown, D. and Bray, R.

Impurity Conduction in Silicon. Rey, R. K. and Fan, H. Y.

Transport Properties of Germanium at Low Temperatures. Goff, J, F. and
Pearlman, N.

Impurity Photoconductivity in Germanium. MeConville, G. T. and Fan, H, Y,

Infrared Absorption in Irradiated Silicon. Ramdas, A. K. and Fen, H. Y,

Parsmagnetlic Resonance in Neutron-Irradiated Silicon. Nisenoff, M. and Fan,
H. Y. with Appendix by Wun Jung

Magnetic Susceptibility. Damon, D. H. and Gerritsen, A. N.

Anomaly in the Specific Heat of Rhenlum. Bryant, C. A. and Keesom, P, Ha

20
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42, Purdue Untversitye Dept. of Physles
SEMICONDUCTOR RESEARCH, Tinsald Reports
1 July 54-30 June 56. (Coatrast DA
36-039-8c63222).

Infrared absorption in n-type Germanium.

The investigation was darried out at éifferent temperatupres# and frem 5-30
microns. The results indicate that at high temperatures the lattice scattering
begomes important for the absorption.

Infraved absorption in n-type silicon.

The magnitude &f the absorptlion increases with the acnduetivity of the sample,
Measurements have also been made at liquid nitrogen and Jiquid helium
temperatures, The band remains the same. The results suggest that the
gbeorphlon band corresponds to exaitatlion of sonduction electrops or elegtrons
on donor impurities 4o highey energy bands.

L3, Purdue Universitys Deptes of Phyasleas,
SUMMARY QF SEMIGONDUCTCR RESFARCH. 1 July
51-1 July 54. (Contract DA=36+039-sc 15339).

Infrared lattice absorption bands in germenium, silicon.

Infrared absorption bands characteristies of the crystal lattice were investigated

for germanium and silieon. The absorption wa.g found to be insensitive to

lettlee imperfegtions dus to impurities (w101%m~3) and aue to disorders

(~1015em=3) preduced by nucleon irradiation.

Ly, Raytheon Manufacturing Company Research
Division, Waltham, Massachusetts. STUDY
OF SEMICONDUCTOR MATERIALS AND DEVICES.
Final Report. Index No. Ne-110458-Subtask
4. 1 Oct 55-30 June 57. (Contract

NObsr-72537)

Includes detailed discussion of work done during the Seventh Quarteyr, Y Apr
57-30 June 57.

. 21
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DETATL FACTUAL DATA

The Behavior of Oxygen in Plastlcelly Deformed Silicon

Optical Studles oa 8tliecon In the Infrared

X-Ray Measurements of Qrystal Perfection in Sillcen

Diglocations in Siligon

Lifetime Measureamentg and Apparatus

Semiconductor Surface Studies

Positive Ion Bombardment of Germanium end Silicen

Space-Charge Widening as & Tunction of Collector Blas for Diffused Junction

Error in the Measugement and Calculation of Surface Concentratien

Diffusion Studies

Silicon High-¥requeney Transistors

5ilicon Power Transisgtors

High-Frequancy Semiconfuctor Deviges Utilizimg the Injection of Qarriers into
Space-Charge Regions

hs, Shaw, C. C. and Krogstad, R. 8.
«-+  NUCLEAR RADIATION EFFECTS ON INFRARED

MATERIALS AND COMPONENIS, PART I. EFFECIS

OF GAMMA RADIATION OIf INFRARED TRANSMITTING

MATERIALS AND FILTERS. Fleotronics

Division Research and Devslopment Brangh,

Loekheed Missile Systems Division, Palo Alte,

-California. 16 June 58, 20v,
Results of a Sur;ey of gobalt-60 gemma radlation effects on the optical
proverties of a uumber Of infrared trangmiitting materlals and filters are
presented. .
This study 8hows that, with few exgeptiens, the.matefigls and filgers are
insensitive to gamma radiation &t a dosage level of 10! roentgens or more.
46, 8hilliday, 1. S.

Optleal effects in semigonduetdrs,

BATTELLE TECHNICAL REVIEW v. 8, n. 9,

Pe T-13, Sep 1953.

The suthor centers his dlscussion on the infrared region of the electromagnetic

spastrum. He describes thg effects of radiation upon semiconductor devices,
‘e
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diseusses the devices of interest in the area, and points out how the phenomens
of radiation are used in solld-siate gesearch and in technolegy.
L7, Signal Corps Engineering Laboratories,

Fort Monmouth, N. J. A SURVEY OF THE

NUCLEAR RADIATION EFFECTS ON SEMICONDUCTOR

MATERIALS AND DEVICES. Technical Memorandum

I‘IR- M-1902. l June 570

Thle report discusges some of the presently available information on the
effeets of radiation (primarily neutron and gamms radiation) on semieonducter
materiels and devices. Discrepancies in some of the results obtalned are
indicated, and suggestions are made for further experimentation.

1A

Ld, Spitzer, W. G.
INFRARED PROPERTIES OF SEMICONDUGTORS,
Department of Physics, Purdue University.

June 57. ASTIA ADelk2 613,

Abstract
Introduction
Experimental Equipment and Procedures
Monochromators
Absorption Cglls
Sample Preparation
Sample Thickness Determination
Technique of Measurement
Intrinsic Absorption Edge in Germsnium and Silicon
Spectral Shape
Introduction
Experimentel lMeasurements
Digcussion
Germanium
Siligon
Pressure Dependence
Introdustion
Experfmental Method
Results and Discussion
Germanium
Silicon
Effect of Impurities

s
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Qarrier Abserptien in N-Type Cermanium
Introduction
Experimental Measurements
Discussion of Results
Absorption in Stlicon
P«Type Siltcon
N-Type Silicon
Plastically Pure Silicon
Absorption and Reflgctivity of Indium Antimonide
Introduction
Experimental Measurementis
Msecusston of Results
From 5 to 35 micron
From 35 to 90 mleren
Beyond 90 Micron
Determination of Optlcal Constants and Qarwiep Eff .ctive Mass of Semieond-ctors
Introduction
Theory
Electric Susceptibility, Conductivity, and Effective Mass of Free Carrlers
Elegtrie Susceptibility Due to Interband Transitions
Bxperimental Method
Results and Discussion
N-Type CQermanium
PaType Germanium
N-Type and P«Type Silicon
P-Type Indium Autimonide
N-Type Indfum Antimonide
¥-Type Indium Arsenide
Bibliegraphy
Appendix
Vita

Figure Legends

49, 8teel, H. and Owen, D,

EFFECTS OF RADIATION ON LEAD SULFIDE

INFRARED DETECTORS AND INFRARED OPTICS.

Boeing Alrplane Company, Seattle Division.

Paper Presented at the £nd Scmi-Anmual Weapons

System Radiation Effeet Symposfum at Battelle

Memorial Institute. 22-23 Oct 57.
A dose of 2xlohr is sufficient to cauge serlous changes in the vigible pawt’
of the spectrum. There is however, lack of change in the IR. It has been
determined that 10 nvt doses were necessary to produce 5 to 10% ehanges in
transmlssion in silicon and germanium.

2
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SILICA
gee Also Citatien no. B2,

50. Monk, G. 8,

THE GOLORATION OF OPTICAL MATERIALS BY

HIGH ENERGY RADIATIONS, University of

Chicago, Argonne National Laboratory. ANL=

4536, 31 July 50.
The csloration by lrra@lation of fluoride, calcite, and polaroid crystals
and of siliea, lead, and other optiecal glasses are discussed.
51, - Week8y Re A. and Nglson, C. M,

Trapped eleetrons in irradlated quartz and

siliga: II. Electron 2pin resonance.

JOURNAL OF THE AMERICAN CERAMIC SOCIETY

ve 43, ne 8, pe 399-k0L, 1 Aug 60,
The gorrelatfon of €two parsgagnetic defeats, observed by the elegtron spin
resonsnee (ESR) techaique, with two optfcal absorption bands produced by

¥ -ray or neutron irrediation is indigated., The peaks of the two absorption
bands fall ate2100 a.u. of 2300 u.u,
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FUSED SILICA

52, Arnold, G. W. and Compton, D.
Rediation effects in silica at low temperature
PHYSICAL REVIEW v. 116, n., b4, Ser. 2,
pu 802'811‘ 15 NOV 19590
Optical sbsowption bands induced in fused silica and crystalline 4 - quarsz
of low impurity eontent at 77°K by fast electrons of X-rays bleach slowly
at room temperature, The presence of OH- fons in fused silica inhibits the
formation of such radiation-induced absorption.
530 Gale’ A, J. and Bickford, F. Ao
Radlation~resigtant fused stlicas NUCLEQNICS
ve 11, n. 8, p. 48, Aug 1953,
Tests carried cut at High Voltage Engineering Corporation on insulating
meterials for accelerator tubes include high-energy electren bombardment of
materials, mainly glasse8, propoted or intended for thds uses
5’4. I—evy, Paul W.
Reaetor and gamma ray induced coloring in
Corning fused silica. BULLETIN OF THE AMERICAN
PHYSICAL SOCIETY ~. 30, n. 2, p. 18, 17 Mar 1955.
The edloring induced by gamma ray and reactor radiations in fused silicas

from varlous munufacturers and im Brazilllan erystalline quartz has been
studied by optieal transmissien measuremente in the region 2000 A to 1 micron.
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55+ Tevy, P V.
Reactor and gamma ray lnduced eoloring
in Corning fused silica (Abstraet of
meeting) PHYSICAL REVIEW v, 98, n. 5,
p. 1541, 1 June 1855.

The coloring induced by gamme ray and reactdr radiations in fused silica

from various manufactures and in Brazilian crystalline quartz has been studied
by optical transmission measurements in the region 2000 A to 1 micron. Corning
purified fused silica shown practically no gamge ray @oloring while reactor
irraddaton produces a strong band at 2180 A, a weak band at 2420 A, and very
slight coloring in the visible.

56. ' Levy, P. W.
Reactor and gamma-ray induced coloring of
Corning fused silica. J. PHYS, CHEM ,SOLIDS
Ve 13, n. 3-b4, p. 287%95, June 19€0.

When crystalling gquartz, fused silice and many other substances are gubject
to reactop or gamma-ray radiations the samples develsp optleal absorption
bands in the reglon 0.2-1 p. Ususlly, there are many broad bands which
develop and resolution of the observed spectrum into the component bandg is
difficult. Corning fused silica is coloured less than all of the materials
studied a2nd the ohserved spectrum can be resolved into 1ts components by
properly utilizing the variations in the relatlve absorption of the different
bands created by changing the irradiation conditions. The most intense band
15 near 575 eV (218 my) and there is a smaller one at 5405 eV (242 mu) when
the sampie is irradiated im the reactor at 70°Cs The 5.05 eV band has,
relative to the 5.75 eV band, low intenaity whem the peactor irradiation is
at 170°C but 45 much stronger when the irradfation is at liquid nitrogen
temperature, Also, the peak of the 5.7k eV band shifts elightly with irradiation
temperature, The band at 5.05 eV, which can be separated from the other bands
without assuming a shape for it, is well fitted by a Gaussiah cuzve and 1ip s
aggumgd that all other bands are similarly shapad. When a sample originally
coloured in the reactor is subsequently subjegted to gamma-rays, additioapsl
absérption bands appear and thelr intensity !s yroportional to both the
reactor and gamme-ray exposures. In all, new bands at approximately 5.5,
k.5, 2.0 and ~6,1 eV (223, 278, 625 and 900 my, respectively) are present
with indications of four others.
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5T. Nelson, C. M, and Crawford, J. H., dJr.
Optical absorption in irradiated quartz
and fused silica. J, PHYS, CHEM. SOLIDS
v. 13, n. 3=4, p. 296-305, June 1960,

Optical absorption studies over the range from 1850 to 26000 A have. been
verformed on crystalline quartg and fused silica after exposure tc both fast
neutrons in the reactor and € Y-rays. The prominent band near 2150 A is
proguced by <Y -rays a d, neutr)ns in fused silica hut fast neutron exposures

in excess of 5 x 1019 en=Z are necessary to cause appreciable development of
the corresponding band in crystalline quartz. With shorter neutron exposures
and Y-rayes the absorption in quartz crystals is characterized by the broad
visible bands and continucus sbsorption which rises almost linearly toward
shorter wavelength below 3000 A, This continuous absorption probsbly
ecorresponds to the long wavelength tail of one of the bands observed by Mitchell
and Palge in the vacuum ultraviolet region. These results do not seem to agree
with thelr interpretation of the nature of ige 2200 A band in quartz. On
annealing nsutroneirradiated quartz (5 x 10 neutrona/cm at 250°C a new
band at 2000 A develops, In fused siliea, besides the 2150 A band, the
shoulder at 2400 A (resolved by appropriate optical bleaching as a band at
2570 A) which has previously been revorted, was ocvserved with both ¥ -rays

and fast neutrons., The rates of coloration of quartz and fused silica as
well as studies of optical and thermal bleaching are discussed. In the

fused materials & mechanism of photolytic coloration which appears to be
conslstent with observations provides a sultable model which i1s based on the
rupture of Si-0 bonds with the formation of free radicals as the principal
product. These and other possible defects are discussed in the light of
magnetic susceptibility and electron spin resonance studies.

58, Nelson, C. M. and Crawford, J. H., Jr.
OPTICAL ABSORPTION IN IRRADIATED QUARTZ
AND FUSED SILICA., Proceedings of Conference
on Defect Structures of Quartz and Glassy
Silicas, Book, John Wlley and Sons.

The work @esertbed here was initiated in an attempt to learn more about the
cheniecal and elegtronic effects that must accompany the loss of strudtupe

in quartz after prolopged neubron irradiation. To this end, meaguremente

of optical sbsorption spectra, paramagnetlic resonance, and magnetie
susceptlbidity on various forms of silica ag a function of neutreon and germmae
ray exposure were udertaken. The present paper may be consldered a progress
report on the optical portlon of this work. Included here s a summary of
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58. (Cont'd) 3-77-61-2/8B-61-25

the rate of ¢oleration with both gamma rays and neutrons, the optical and
thermal bleaching behavior and the effect of previous bombardment on the
susceptibility of fused silica to gamma-ray coloration.

Equipment and methods for producing radiophotoluminescent glass at a rate of
5,000 pleces of specified dimensions per day were developed. The radiophaeto-
luminescent glass is the sensitive element in the DT-60 ( ) PD Radiac Detactor
as spegified in Interim Military Specification MIL-D-16153C (SHIPS). This
element 1s capable of indicating an accumulative dosage of X- and gamma
radiation over a range from O to 600 roentgens. The glass is made in this
program, &s represented by melt number E-9880, successfully meets the
requirements of specification MIL-D=16153C (SHIPS) to the limite that it was
tested.,
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VITREOUS SILICA

59. Simon, I.
Structure of neutron-irradiated quartz and
vitreous silica. JOURNAL OF THE AMERICAN
CERAMIC SOCIETY v. 40, n. 6, p. 150-153, June 1957.

The structure of ggartz and vitreous silica disordered by heavy irradiation

{1029 neutrons/cm”) of fast neutrons was studied by means of X-ray diffraction

and infrared speetroscopy. The results indicate that the structure of the
disordered amorphous form of silica resembles nlosely that of vitreous silica.
It is suggested that the disordered form of silica results from thermal effects
(thermal spikes) accompanying the passage of knocked-on atoms through the solid.

60. Primak, W.

Fast-neutron-induced changes in quartz and

vitreous silica. PHYSICAL REVIEW v. 110,

n. 6, p. 1240-1254, 15 June 1958.
The course of Hhe chuanges produced by exposure in nuclear reactors and the
subsequent altertation of the radjaticn-induced property changes cauged by
heating were followed by measuring the dilatation, refractive index, rotatory
power and birefiriugence.
61. Primak, W. and Uphaus, R. A.

Fast neutron induced luminescence in vitreous

stlica and quartz. JOURNAL OF CHEMICAL PHYSICS

Vo 29’ n. l""’ po 972'973, OCt 19581
An attempt to measure light scattering by vitreous silica and quartz which had
been exposed In a nuclgar reactor proved unsuccessful because of the appearance

of & reddish lumlinescence mueh more intense than the scattered light. Since
no reports of a red luminescence could be found, it was studied further.
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GLASSES
See Also Citatlon no. 51, 55

62, Best, J. V. F.

THE COiOURATION OF SOME OPTICAL GLASSES

BY X- AND GAMMA RADIATION. Atomic Ene?gy

Research Establishment, Barwell, England.

A.E.R.E. C/R 1125. 10 Mar 53. ASTIA AD-11 678.
Semples of optical and other glmsses have been subjected to large doses of X-
and gamme rays and thelr resistance to colouration studied. Optical glasses

are more prone to colouration than plate glass and the torosilicete compositions
used for chemical glassware. Perspex, polystyrene and two Furopean glasses
containing small amounts »f cerium are very resisiant to colouration. A

brief summary of recent Amerlcan experience in this field is appended.

63. Colp, J. L. and Woodall, H. N.
Bftects of high ncutron and gamma fluxes on
transmission charucteristics of somg @ptical

glasses. FPaper presented at the 6ist Annuwal

Meeting, SYMPOSTUM ON RADIATION EFFECTS ON
MATERIALS, Bostom Massachusetts, 2k June 1958,
vol. 3, ASTM Special Technieal Publication .,
Nos 233y p. 150-163.
Specimens of sevefal tjpes of optical glass most of which yere gf the radiation-

tolerant type were exposed to gamma radietion levels.of 10°, 10', and 107 r
in the Sandie kilocurie cobalt-60 facility.

Exposures of 1010 » were made at the Materials Testing Reactor gamma facility.

Exposures to mixed reactor radiation (gamma and neutron) were also made at
the Materlals Testing Reactor.
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63. (Cont'd) : 3=77-61-2/6B-6125

The light transmission propertles of the glass specimens were measured before
and immediately after exposure to radiation.
6l Ferguson, K. R.

Optical absorption bands induced in ganma

irradiated glass (Abstract of meeting)

PHYSICAL REI‘VIFJ"I‘J Ve 98’ Ii. 5, p- 15)42,

1 June 1955,
The formation of optical absorption bands in glasses exposed to Co-60 gamma
rays has been observed.
65. Kazen, D. and Reiffel, L.

RADIATION SENSITIVE GLASSES. Armour Research

Foundation, Chicago, Illinols, Quarterly

Report No. 4, REIC No. 5906, 1 Mar-1 June 53.

(Contract DA 36-039-sc-15528)., ASTIA AD-16 150,
validity of the "ordering" hypothesis has been strengthened bty a repetition
of the heat treatment and X-ray diffraction studies of K-8 glass. The
observation of reversal to the strength of the two X-ray lines in a single
plece of glass In a similar manner of that previously observed in twe scparate
samples rules out composition differences as a factor. Irradlation experiments
performed with a series of BC-2 glasses ludicate that effects similar to those
produced by heat treatment can be produced by a reduction in the alkali fon
content of barium crown glasses.
66. Kreldl, N. J., and Hensler, J. R.

Gamma radiation insensitive optical glasses.

JOURNAL OF OPT'ICAL SOCIETY OF AMERICA v. 47,

n. 1, p. 73-75, Jan 1957.
Speclally developeg optical glasses malntain thelr transparency under
oxposuées up to 10° roentgens cobalt-60 gamma radiationhand are ussble at

5 x 10% roentgens. Ordénary optical glass colora at 10™ roentgens or less and
1s nearly useless at 10% roentgens. .
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67. Kretdl, N, J.
. SCME EXPERIMENTS ON THE INTERACTION OF : f
GLASS WITH HIGH ENERGY RADIATION, Bausch
and Lomb Optical Company. NYQ=3779. 1 Deg 53,
{Contxact AT-30e1+1312).
A number of experiments dealing with the effects of radiation on optieml
glass are summarized.
g8, Kretdl, N. Jo end Blair, G. Eo
IRRADIATION DAMAGE TO GLASSe Bausch and
Lomb Optical Company, Rochester, lew York.
NY0-3782. 21 Mar 55. (Contract AT(30-1)-
1312). ASTIA AD-6L4 301,
A system of high-level dosimetry (of high-energy radiation) utilizes the
absorption ch@nges In glasses measured on & suitable spectroghotometer. 6
Calibratton has been accomplished aver the range of 1.5 x 107 to 4.1 % 10° rep.
€9. Mayer, Ge and Gueron, J.
. Kinetics of the bleadhlng of glasses colored
by irradiation in tﬁe ¢hatillon pile. THE
GLASS INDUSIRY ve 34, n. 3, pe 127-131,
158-159, Mar 1953.

Samples of glass and silica were colored by irradiation in the Chatillon pile.

The ebsorption spectra of the irradiated samples were studied between 200
and 2000 myu.

With the aid of the theories on alkali halfdes, the interpretation of the
numerdcal values obtained for absolute rates of reaction, for experimental
aetivatlon energles and orders of reaction, was also attempted.
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{04 Reiffel, L. and Humphreys, R. TF.

RADIATION SENSITIVE GLASSES. Armour Resesarch

Foundation, Chicago, Illinois. Quarterly

Progress Report No. 3. 10 Mar 53, (Contract

DA-36-039-5C-15528), ASTIA AD 9426,
Work during the period of this report has established some of the gharacteristies
of radiation induced color centers, particularly with regard to stability and
absorption characteristics. Work on the energy transfer mechanism particularly
as a function of temperature 1s still ambiguous. '"High temperature" glesses
seem to exhibit more appreciable radiation sensitivity.
T1. Reynolds, R. L.

TRANSPARENCY TO FAR INFRARED, General

Electrie Company, Hanford Atomic Products

Opexation, Nonmetallic Materials Development

Operation. HW-39536. 15 Oct 55.
Of the six optlical materials tested following exposure to 1.5 x 106 r, arsenic

trisulfide glass was shown to transmit infrared to beyond 10p, and wae
essentially unaffected by radiation.

72- S(Jhulman, J. Hl’ et al.

absorption and luminescence of glasses and
crystals (Abspfact from meeting). THE
AMERICAN CERAMIC SOCIETY BULLETIN v. 30,
p. 97, 1951.

The behavior of a number of erystalline and glassy systcms will be described,

and an interpretation of the phenomenon will be propesed for some of the
simpler cases.
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T3, Sun, K. H. sud Xreidl, N. J.
DISCOLORATTON OF GLASS BY RADIATIONS.
Bausch and Lomb Optical Company, Rochester,
New York. Special Report, NObsr 57016.
May 52. ASTIA AD-120 816,
This report was prepared as a fundamental background for all workers in the
title field. It is large in its scope, detailed in its presentation. It
ineluded & review based on a large bibliography.
Th. Yeyl, W. A. and Otley, K. O,
EFFECTS OF RADIATIONS UPON GLASSES, The |
Pennsylvania State College, School of Mineral
Industries. Firgt Quarterly Progress Report.
1 July-30 Sep 50. (Contract DA-36w039-sc-132).
ASTIA ATI 39918.
A survey of the existing literature on the effect of nuclear radiation on
glasses is glven, Silver containing phosphate glasses exhibit a bright
orange or pink fluorescence after exposure to X-rays. Various silicate

glasses which all contained identical amounts of vanadium and cerlum oxlide

were exposed to solar radiation. A glass composition was thus found which
showsd a noticeabie change of color after only five minutes' exposure to

bright sunlight.
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QUARTZ _
See Also (Etations no. 52-57, 59-63, 79, 82

T5. ArnolcH, 6. W., Jr. .

Color wntexs in synthetic quartz.

THE JCORNAL OF CHEMICAL PHYSICS:v, 22,

n. T, p 1959-1260, July 1954, (REIC NO. 5059).
This note is written to re=prt a&n absorption maximum in X-irrsdisted synthetie
quartz to 2.64 ev (W70n), Samples of synthetic quartz cut perpencicular to
the ¢ axis yielded the 2.&kev maximum when X-irradiated by means of a tungsten
tube operated at 45 kv at 1yma for periods from 24-44 hours.
76. Arnol3&, 6. W., Jr.

Defect=e in natural and synthetic quartz.

Jo FK{ES- CHEM. SoLlDS V. 13, n. 3"&, p» 306‘20,

June 1_90.
Thermoluminescence measute=mnts of quertz (both irradiated and naturally
coloured) have been made frm room tewperature to 375°C. Various peaks of
the light intensity versiss temperature curves dave been ldentified with
absorption maxima in the L90-A000Q mp spectral region. The metiod is extremely
sensitive to radiation dosse; well-defingd peaks belng observed for very short
X-irrediation times (~1sset). Datu arg presented On Xelrradisted natural
quartz, smoky quartz and conX-irradiated synthetde quervz with various sdditives..
e Arutursajan, . and Renius, 0O,

{HE EF TECTS OF X=RADIATION ON THE OPTICAL

PROPER=TIES OF QUARLIZ CRYSIALS. Report of

Confer—ence on Effects of Nuclear Radiation
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77, (Cont'd) 3-77-61-2/8B-61:25

on Materials sponsored by Ordnance
Materials Research Office at Watertown
Arsenal, 1-2 Oct 57, Feb 58.
The object of this psper 1s to review briefly the changes in the optical

properlies of polished quertz primarily in the gpectral reglons where the
hunman eye is not sensitive such as the ultraviolet and near infrared spectral

reglons.
78. - Bechmann, R.
Radiation effects in quartz - A bibliography.
NUCLEONICS v. 16, n. 3, p. 122, Mar 1958,
Radlation causes quartz crystale to display changes in color, thermsl and
electrieal conductivity, index of refraction, and elastic properties. This
+ 18 & bibliocgrephy of literature that descri. s investigations of these effects.,
A brief discussion of the effects follows a listing by type.
T Brown, C. S. and Thomas, L. A.
Response of synthetic quartz to x- ray
irradiation. NATURE v. 169, n. L4288,
B. 3536, Jan 1952,

It is concluded from the results with irradiated synthetic crystals that the
darkening In natural quartz may be asscciated with the presence of impurities,

", and that changes occurring during the growth of a crystal often produce

corresponding changes in the susceptibility to X-ray darkening in the different
parts of the crystal.

80. Frondel, C. and Hurlbut, C. S.
INVESTIGATION INTO EFFECTS OF RADIATION

ON THE PHYSICAL PROPERTIES OF QUARTZ.
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Harvard U., Cambridge, Mass. Final rept.
1 July 51 - 30 July 53, 53p. (Contract
DA 36-039-8¢-15350). ASTIA AD-20 661,

The work on synthetic and natural quartz involved quantitative chemical
anslyses and measurements of the physical properties. The latter included
density, index of refraction, high-low inversion temperature, fluorescence

and triboluminescence, rate of solution and unit cell dimension measurements.
The variation in properties and composition of quartz was ectablished; however,
a clear-cut detalled correlation between the variation in different samples
was not obtained. Extreme cases of variation indicated that the chief varieble
in quartz was a 80lid solution of Al for Si in the erystal structure. The
1rradiation behavior of quartz appeared to be related to the composition.

81. Klemerns, P. G.

Density chenges in neutron irradiated quartz,

PHILOSOPHICAL MAGAZINE v. 1, n. 10, Ser. 8,

p. 938-941, Oct 1956.
Wittels (1953) and Wittels and Sherrill (1954) measured the density changes
produced in quartz by faste-neutron irradistion in a pile. The density was
found to decrease with increasing dose, and the density change atta%ged a
saturation value of about 15 per cent for doses in excéss or 2 x 10
neutrons/ em?. However, the rate of density change did not decrease steadily,
but increased at first., A different explanation of this increase in the rate
of density change is given here.
82, Lautout, M.

Photostimulation and coloration of fused

quartz irradiated by X- or gamma radiation.

(Photostimulation et coloration du .quartz fondu

irradie par les rayons X our gamms) JOURNAL

DE CHIMIE PHYSIQUE v. 52, p. 267-271, 1955.

Fused quartz, previously irradiated by X-rays or gamma rays, becomes
phosphorescent under the action of visible or ultra violet light.

The exeiting light first causes, on the uther hand, a change of color of the
quartz which appears streaked with dark lines, sometimes appearing as vortexes.
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83. Mitchell, E. W. J. and Paige, E. G. S.

The optical effents of radiation induced

atomic damage “n gueriz. PHILOSOPHICAL

MAGAZINE v. 1, n. 12, Ser 8, p. 1085-1115,

Dec 1956.
The optical absorption of' neutron-irradiated crystalline gnd fused quartz
has been measured in the wavelength range 1450 to 10,000 A (8.5 to 1.2
electron-volts). Two absorption bands associated with atomic displacements
in erystalline quartz have been found -~ C at 5.7 electron - volts and E at
7.6 electron - volts. All the damage is annealed by heating at 950 C.
8h. Mitchell, E. W, J. and Regden, . D.

The effects of radlation on the near infra-
wn of alpha-guarisz,

PHILISOPHICAL MAGAZINE v. 2, n. 20, Ser 8,

p. 9L41-956, Aug 1957.
The variation of the absorption strength and spectrum in the region of 3p
has been determined for different specimens of crystalline quartz and for
X=rgy, electron and pile irradiated crystals.
85. Mitchell, E. ¥, J. and Wedepohl, P. ™.

The scattering of long wavelength neutrons

by iLrradiated and unirradiated quartz.

PHILOSOPHICAL MAGAZINZ v. 3, Ser 8, p. 1280

1286, 1958,
Meagurements have ,been made of the transnission of neutrons of wavelengths
between 50 and 10A through 10 cm of unirradiated and pile irradiasted -
Brazilian quartz crystals. After irradistion with 6:4 x 1018 fast #° cm

additional scattering was found. The measurement is discussed in relation
to optical absorption measurements and radiation damage theory.
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86. Wittels, M.
The lattice expansion of quartz due to
fast neutron bombardment. THE PHYSICAL
REVIEW v. 89, n. 3, p. 656-657, 1 Feb 1953.

The progressive anlsotropic expansion of s-quartz irradiasted with inereasing
dosages of fast neutron flux has been observed and measured by X-ray and

density methods of analysis. Bombardment groducis by a neutron source that

gave a total integrated neutron flux of 6.6 x 10~ nvt resulted in a density
change of (A p/p)< 100 = 3.5 + 0.1 as measured by the hydrostatic weighting
method. The density change measured by the X-ray method gave (ZXP/P) x 100

= 4,8 £ 1.5, The crystal temperature was approximately 100 C during irradiation.

87. Wittels, M. C.
STRUCTURAL BEHAVICUR CT NEUTRON IRRADIATED
QUARTZ. Paper submitted for publication to
Philosophical Magazine,

X-ray and density studles have been made on single crystals of quartz
irradiated with fast pile neutrons at approximately 100°C. The structural
effects of the irradiagion follow at least two processes with doses_up to

1.2 x 1020 neutrons/em~. Crystals irradisted with less than 3 x 1019 neutrons/
em? expand anisotropicdlly in a manner which is similar to the thermal
expansion of unirradiated quartz. In this dosage range, the voiume increase

18 the same, After doses in excess of 3 x 1019 neutrons/cm2 the damaging process
is more complex since the volume change indicated by X-ray measurements of

the host lattice becomes larger than the bulk volume change determined
hydorstalically. In a complementary study, it was found that coesite, &

high density crystalline sllica remained stable under ncutron irradlation
dosages which compleltely disorder quartz. These results indicate that the

rate of damage in silica solids 1s structure dependent.

88. Wood, D. L.
Infrared absorption of defects in quartz.
J. PHYS., CHEM. SOLIDS v. 13, n. 3=U4,
Dp. 326-36, June 1960,

A number of sharp absorption bands in the infrared spectrum of crystalline
d-quartz between 3200 em™L and 3655 cm*l have been asslgned to defects in the

1
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88, (Cont'd) 3-T7-61-2/8B-51425

lattice. Defects contalning water may cause a broad sbsorption through this
.region of the spectrum in very imperfect parts of certain crystals, but it
does not contribute to the sharp bands observed. One band at 3581 em™* ig
probably due to the OH stretching vibration of & proton defect but the other
peaks are not. Treatments of the crystal involving X-irradiation, heat
bleaching, anrealing or heating in an electric field strongly affect the
intensitlies ci: he bands observed, and 1t is concluded that the bands originate
in colour cenir:s with an electronic origin. Probably more than one type of
centre 1s involved. No correlation with the visible colour centres of smoky
quartz or amethyst is observed. Interstitial foreign atoms play an important
role in the formation of the infrared centres but vacancles or interstitial
Si or O atoms are probably not involved. Although much information relating

to the infrared colour centres is avallable the full detalls of thelr structure
are not yet known.
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g CORFPORATE AUTﬁOR IN?EX
(¥umbers refer to citations)
Arizona State University, Tempe, Arizor . e e e e e e e e e e 2T
Armoﬁr Research Foundatién, Chicago, T < P ¢
(U.S.) Atomic Energy Commission, Argor. wational Laboratory, . . . . . . 51
Chicago, Illinois. '
Beusch and Lomb Optical Company, Rochester, N. Y. . . . . . . . . .72-73, 80
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